include assessments of seed plants' abundance, such research in Croatia was mainly carried out on sporadic permanent sample plots or individual management units [3, 4] . Regeneration processes in beech-fir old-growth forests in Croatia and abroad were studied considerably more [5, 6] . The results of influential factors and relations with stand structures and regeneration success were also published, e.g. the impacts of stand opening models [2] , light intensity [7] , population of herbivores [8, 9] and fellings [10] on quality and abundance of silver fir seedlings.
Integrating research based on permanent sample plots and National Forest Inventory (NFI) data could provide a basis for the development of prediction models of stand regeneration in frame of stand growth simulators [11, 12] . Thereof, the existing stand growth simulators provide possibilities of research of stand openings (selection cut intensity) and their influences on stand regeneration [2] .
In Croatia, stand-wise inventory has been conducted periodically every 10 years. However, the estimation of stand regeneration structure has not been included. On the other hand, the estimation of stand regeneration structure is included in almost all national inventories, especially in countries where national inventory has a long tradition [13] . Until now only the first national forest inventory in Croatia has been conducted, in which the assessments and information of forest regeneration are included [14] .
It is clear that many factors influence stand regeneration and also that forest trees react by increased seed production in circumstances of stress. On the other hand, the abundance and survival of seedlings depend on ecosystem stability. In the context of climate changes, recent research on climate changes (e.g. the influence of air temperature increase or dry periods on the abundance and growth of seedlings) has special importance [2, 15] . Climate changes can influence the appearance of several tree species in stand regeneration, namely tree species' alterations in stand structure. Climate change in specific areas is characterized by climatic extremes that do not have a clear trend in a short term. In such circumstances, the appearance of pioneer and wide-valent tree species that are adaptive to such conditions can be expected. Consequently, stand regeneration characteristics can be used as valuable indicators of ecosystem stability, the success of forest management in the past and of forest development in the future.
The aim of this paper is to obtain and analyse regeneration characteristics of beech and fir forests in Gorski kotar region, as well as to determine implications of stand regeneration on future forest management in the region, based on the data set obtained from national forest inventory field sample plots. The main assumption is that the abundance and structure of stand regeneration in beech and fir forests in Gorski kotar region during last decades would not sustain establishment and maintenance of selection management, particularly in the sense of maintenance of structural and inter-species relationships in the beech-fir forests. Additionally, significant differences between different site and stand factors and also the impact of management approaches (ownership) on stand regeneration can be expected. Since the success of regeneration directly influences future management activities, it is assumed that the adaptation of management model to current site and stand characteristics of the beechfir forests would be needed in the future.
MateRial anD MetHODS

Study Site
The study site encompasses beech and fir forests in Gorski kotar region (Figure 1 ). Gorski kotar, known as the "Green heart of Croatia", spreads on 1273 km 2 [16] . The region belongs to the continental carst area where forests grow on limestone-dolomite substrates (90%) and partly on silicate substrates with basic soils (cambisols and leptosols). The dominant forest type is beech-fir forest community Omphalodo-Fagetum [17], while silver fir forests on silicate Blechno-Abietetum encompasses smaller part of forests. The altitude ranges between 350 and 1534 m above sea level. The studied area is characterized by continental climate with average annual temperature of 7.3°C and annual precipitation of 2275 mm (meteorological station Delnice). North-east and south-west aspects with many sunny sites are dominant, with inclination reaching above 20% [16] .
Field Data
Data on structure and characteristics of stand regeneration in Gorski kotar region were obtained from field measurements and assessments in the first national forest inventory conducted in the area during 2007. The procedures and methods of the inventory are described in Čavlović et al. [18] . The estimation of stand regeneration characteristics was based on the assessment of seedlings and saplings. The structure of seedlings up to 1.30 m height was estimated on a circular plot (radius 13 m) with the assessment of 1) regenerated area (plot coverage with seedlings) in 10% classes, 2) the origin of plants (stand establishment), 3) the share of tree species, 4) main tree species, 5) regeneration quality, 6) damage and the cause of damage and 7) the degree of damage. On a sub-plot with radius 2 m trees ranging from 0 to 10 cm dbh were measured according to tree species and diameter classes (0-3.99, 4-6.99, and 7-9.99 cm) and the assessment of average tree heights of several tree species within several diameter class. Qualitative plot data on administrative categories, ownership, site and stand variables were also recorded and used in the analyses of stand regeneration.
Data analysis
The database of plots according to regeneration state and structure, ownership, site and stand characteristics from sampled 313 plots was designed. Two indicator variables of regeneration were analysed: regenerated area (area covered by juvenile plants in %) and the number of saplings (trees dbh<10 cm). For a more clear presentation, species were grouped in categories (conifers and broadleaves). One-way analysis of variance (ANOVA) was used for testing differences of regenerated area and the number of trees between categories (ownership, forest type (community), canopy closure, soil depth, rockiness, aspect). In the case of significant statistical differences post -hoc LSD test was used. All statistical analyses were performed with level of significance being 0.05. The database was designed in EXCEL 2010, while the statistical analyses and the preparation of graphical presentation were performed in STATISTICA 11.1.
ReSUltS
Regenerated area
An average regenerated area of 16.6% was obtained. Silver fir contributes to the seedlings with less than one quarter (3.82%), and by including Norway spruce conifers contribute with the share of 5%. The remaining 11.6% is composed of broadleaved tree species with dominant share of European beech (8.8%) followed by Norway maple (1.8%), while seedlings of other broadleaved tree species in average cover less than 0.2% of the sample plot area ( Table 1) .
The number of saplings and young trees (0 to 10 cm dbh) amounted to 2044 per ha and can generally be considered sufficient for sustainable selection management. However, silver fir as the most important tree species in ecological and management sense, contributes with only 165 trees per ha. On the other hand, in the high share of other broadleaves (over 50%) prevails rowan, a species which has no management importance in Gorski kotar region. This fact indicates regeneration problems in the studied forests in the long term, as well as caution in interpreting the importance of saplings and young trees as indicators of stand regeneration. As expected, the number of saplings and young trees is decreasing with the increase of diameter classes as a consequence of competition and tree growth processes.
The results of regenerated area according to six selected management-, site-and stand-characteristics of the studied beech and fir forests (ownership, forest type (community), canopy closure, soil depth, rockiness and aspect) are presented in Figure 2 and Table 2. The area regenerated by conifers was usually lower in relation to broadleaves, with exception of private forests where conifer seedlings cover in average almost 19% of sample plot. Forest type has shown influence whereas conifer species have better regeneration success in forest communities with dominant share of silver fir and Norway spruce (coverage up to 10 %), unlike forest communities with dominant share of broadleaved tree species where the obtained average coverage of conifer seedlings is up to 5%. The influence of crown coverage and aspect was shown as unclear, while soil depth showed influence on the abundance of broadleaved seedlings ( Figure 2 ). The results of one-way analyses of variance showed statistical significant differences of regenerated area according to: ownership for both conifers (p=0.000) and broadleaves (p=0.032), forest type (community) only for conifers (p=0.000), soil depth only for broadleaves (p=0.0013), rockiness for broadleaves (p=0.000) and aspect for broadleaves (p=0.020) ( Table 2 ). The level of canopy closure has not shown to make significant difference neither for conifers nor for broadleaves.
The best regeneration of conifers is observed in private managed forests that are outstanding to other ownership categories (proven significantly different by LSD test, Table 2 ). For broadleaved seedlings, less differences with only significant difference between state forests and private unmanaged forests were obtained. Forests of Norway spruce and silver fir FiGURe 2. Regenerated area (%) according to categories of management, stand and site variables. Vertical lines stand for 95% confidence intervals. Table 2 .
number of Saplings
The number of saplings (trees with dbh<10 cm) according to the abovementioned categories is presented in Table 3 and Figure 3 . Alike regenerated area, the abundance of saplings (number per ha) indicates outstanding difficulties in stand regeneration by conifers, namely silver fir. Almost none of the six characteristics (factors) of the studied forests have shown significant influence on the abundance (appearance) of silver fir saplings. Some differences indicate the influence of forest communities. Thus, in thermophile beech forests there is the highest number of silver fir saplings. However, in such site conditions small silver firs are rarely saplings, but usually these are grown and mature trees. Differences in the number of broadleaved saplings are more expressed. The total number of saplings per hectare seems sufficient, but the fact that rowan contributed to almost one half indicates a low stand regeneration potential. Soil depth (and the resulting site quality) expectedly showed positive influence on the abundance of broadleaved saplings (Figure 3) .
One-way analyses of variance showed statistically significant differences of small trees abundance only for soil variables (soil depth, rockiness) as follows: soil depth for broadleaves (p=0.00001) and for all species (p=0.00003); and rockiness for conifers (p=0.03504), for broadleaves (p=0.02572) and for all species (p=0.00427) ( Table 3) .
According to post-hoc LSD test for broadleaved and for all tree species small trees, significant differences between the deepest soil and other categories of shallower soil were proven. Similarly, the first category of rockiness (without rockiness) has significant difference in relation to other categories of rockiness for all groups of tree species (conifers, broadleaved, all species) as shown in Table 3 .
DiSCUSSiOn
The level and structure of forest regeneration is of special concern for forest management planning. Forest management in Croatia is predominantly based on natural regeneration, whereas in uneven-aged beech-fir stands it is being exclusively used.
However, due to various causes, regeneration in beech-fir selection forests is found to be insufficient. It can be tracked in diameter structure from stand-wise inventories, sporadic research on permanent plots in managed forests [19, 20] and old growth forests [21] , and also from the results of the first national forest inventory [14] .
Systematic field measurements and assessments performed within national forest inventory on 313 sample plots enabled sound analysis of regeneration in beech and fir forests in Gorski kotar. Spatial stratification according to different criteria helped to track possible influences on regeneration. Specific multilayer structure of selection forest complicates the assessment and measurement of regeneration and juvenile trees and especially the interpretation of the results [7, 22] . The methodology of measurement used is the same for all forest types and regions, with regeneration being assessed by measurement of trees ranging from 0-10 cm dbh and ocular assessment of regenerated area. While saplings (trees of 0-10 cm dbh) were measured on a small plot (r=2 m), regenerated area (seedlings) was assessed on a rather large one (r=13 m). The assessment of the regenerated area was therefore time-consuming due to the size of the plot, and it also resulted with rough data (estimate of the area instead of density) with questionable consistency between field crews (subjectivity of assessment). Possible improvement in the next forest inventory would be introducing a small subplot for counting and measurement of seedlings (up to 130 cm height). This approach would improve data collection and make data more precise and less subjective. Categorical variables would however still be necessary for assessing the origin, quality and damage of seedlings.
The acquired data are, however, valuable for the inspection of natural regeneration in selection beech-fir forests. Since silver fir is the fundamental species for these forests, its regeneration is crucial for their survival. Average regenerated area of silver fir was assessed 3.82%, thus clearly indicating problems with natural regeneration. By adding spruce, total conifer regenerated area is about 5%, whereas broadleaved saplings cover about 11%, beech being dominant (about 9%) and sycamore maple following with less than 2%. Other species are sporadically present with regenerated areas less than 0.2%.
The presented results on structure of regeneration clearly indicate evident change in uneven-aged beech-fir forests in Gorski kotar region. The present stage of regeneration will expectedly lead to a decreasing share of conifers (especially fir) in favour of the increasing share of beech and other broadleaves. Possible causes of that change are as following: a) natural substitution of species, b) recovery of beech that was reduced by past management, c) alteration of habitat conditions as a result of climate change, d) management activities that favour broadleaves. Most likely all mentioned causes occur simultaneously and interact with different intensities on each area.
These forests are traditionally characterized by low intensity selection harvests and natural regeneration without any seeding or planting. The results of the inventory confirm this fact -the recorded seedlings are all of natural and mostly generative (97.4% plots) origin. However, due to the present level of regeneration and habitat conditions, it is questionable whether future management can sustainably rely exclusively on natural regeneration. This is specially emphasized in the case of silver fir which is a species of fundamental importance in the selection management. An insufficient level of natural regeneration leads inevitably to the collection and production of seeds and seedlings of silver fir, and also requires planning the planting procedures. At the same time adequate management activities should raise the level and success of natural regeneration [10, 19, 20] wherever and as much as it is possible.
The quality of saplings heavily relies on ecological conditions, especially on the intensity of light. Since this variable was assessed for all species together, detailed analysis is not possible. According to the results, the quality of saplings was assigned as very good and good on 90% of plots. It can be presumed that the results for silver fir would be somewhat different if assessed separately. It can generally be concluded that saplings are of good quality and survive when they appear, thus indicating favourable habitat conditions. On the other hand, management activities do not ensure enough level of sapling occurrence on most areas [20, 23] . Future management influence is, however, supposed to change due to significant change in selection management approach recorded in the past decade [24] .
Researched beech-fir stands can be considered to be part of a balanced ecosystem since seedlings were not damaged on 75% of plots. On the rest of the plots, the most common causes of damage were insects and sporadically diseases and herbivores. It is even a more important finding since herbivores are considered to be a significant threat to regeneration in Middle European beech-fir forests [8, 9, 25] . This result can possibly be addressed to successful game management and also to presence of natural predators (lynx, wolf, bear). Other reasons can be close to nature forest management that enables abundance of available feed [26] . The abundance of saplings indicates successful regeneration during the past decades. However, in beechfir stands, depending on the site characteristics and stand attributes, trees can be held down for years without reaching large dimensions. This is in particular characteristic of silver fir that is proven to survive more than 50 years in shade without significant growth [3] .
A total number of 2044 trees·ha -1 of dbh<10 cm seems adequate to assure sufficient recruitment of saplings. Along with standard management activities it should consequently maintain sustainable uneven-aged selection stand structure.
However, analysis by species reveals a somewhat different picture -the number of thin silver fir trees is very low and it clearly indicates future significant decrease of fir in beech-fir forests. A great share of thin trees are side species -mostly rowan that hardly exceeds dbh 10 cm in given conditions. Also in stands on higher altitudes and unfavourable sites, fir and beech trees under 10 cm dbh cannot all be addressed as a regeneration since it is medium size that trees can reach in such conditions. Therefore the number of trees dbh<10 cm should be interpreted with caution, since just a small share of them represents regeneration, thus consequently pointing on the problem with regeneration in the past. Unfortunately, the quality and damage of saplings were not assessed -such results would better indicate the real state of regeneration and reveal the problems with the transition of saplings (recruitment). Hence the assessment of quality and damage of saplings should be integrated in the following cycles of NFI.
The present state of forests, including intensity and structure of regeneration, is a result of management activities in the past. With assumption that type of ownership also presents specific the type of forest management [27] , we analyzed regeneration structure by ownership. Significantly higher regenerated area in private than in state forests indicates inadequate management model in state forests (Figure 2 ). This is specially emphasized in the case of conifers where regenerated area in private forests is four times greater than in the state forests. High growing stock with great share of conifers and almost even-aged structure is obviously not favourable for fir regeneration, as already reported in previous studies [19, 20, 23] . It is also interesting that thin broadleaved trees are significantly more abundant in state forests but also in private non-managed forests (without management plans), than in private forests managed according to management plans. Those are mostly rowan, maple and beech trees that remain in suppressed layer for years. Such trees have ecological role, but they do not influence future stand structure in managed stands. In the protected area (National Park Risnjak) regeneration is almost absent, especially for fir. It can be attributed to natural dynamics of forests where mature old single layer stands will slowly come to natural regeneration after natural opening of gaps.
The differences in regeneration between forest types (phytocenoses) are clearly demonstrated -conifers successfully regenerate on optimal sites, i.e. on acidophilic soils upon silicate bedrock. In other forest types conifers are significantly less present. Broadleaves regenerate equally well in all plant communities represented on the research area. The number of saplings trees is surprisingly the highest in thermophile beech, which can be attributed to unfavourable site conditions where fir trees can remain stagnant for entire life, and maybe to a small sample size.
Present canopy closure has obviously higher impact on regeneration than on abundance of thin trees. Significantly higher regenerated area is evident in stands with sparse canopy closure in relation to both complete closure and gaps. It suggests that adequate management activities have to be taken to stimulate regeneration -moderate opening of stands will induce regeneration of (mostly) broadleaves. With consequent care of saplings and possible introduction of fir seedlings, stable mixed uneven-aged stands could be achieved.
Ecological factors like soil depth, rockiness and aspect have significant impact on regeneration. It is interesting that plots with deepest soil and least rockiness do not have highest abundance of seedlings, indicating that these are not crucial requirements for plants to grow in the first phase. Saplings are, however, most abundant on those plots, where deepness and quality of soil play an important role, also substituting the lack of light. It is also likely that on shallow and stony soil trees with up to 10 cm dbh form a final and continuous stage of stand development. Although there are differences in regenerated area according to aspect (especially for broadleaves), they cannot be reliably confirmed. Conifers are shown to prefer east and west oriented sites.
Possible other influences, e.g. of climate change, have not been covered in this research. Also, the complex model of individual and mutual influence of stand and site characteristics would surely make a clearer insight on the success of regeneration, and point out the causes of the present state. However, the presented results -poor incidence of seedlings (trees under 1.3 m) and sapling conifer trees -indicate extremely poor regeneration in selection forests, silver fir in particular. Therefore management planning and management activities should be directed in a way to promote fir regeneration and the survival of existing seedlings. It could imply additional involvement in regeneration by the introduction of seeds and seedlings. On the other hand, regeneration of other species (dominantly beech) indicates naturalness and biodiversity of beech-fir forests which should be fostered as much as possible.
COnClUSiOn
The level and structure of regeneration in beechfir forests of Gorski kotar region, based on the results of NFI, is characterized by low regeneration of silver fir, and significantly better success of broadleaves. Common beech regenerates well on the whole researched area. Significant share of other broadleaves (sycamore maple, rowan etc.) indicates well preserved naturalness of forests. Some differences in regeneration structure can be found between forest communities and site conditions -acidophilic sites on silicate bedrock are favoured by conifers, while thermophile and more extreme sites are dominated by beech.
The influence of various owners through different management concepts has also been demonstrated. It can be generally concluded that management models that establish more mixed forests with higher size diversity and lower growing stock enable better regeneration. Management planning should take that into account and adjust future activities into that direction. It will surely help fir regeneration to some extent, while maintaining share of fir over 50% would require aided regeneration by additional seedlings. It is feasible in the framework of close to nature forest management that it will maintain naturalness and biodiversity of Dinaric beech-fir forests in the long term.
The importance of regeneration as an indicator of both ecosystem stability and the success of forest management requires additional concern in forest inventory. The methodology of measurement and assessment should be improved with special sub-plots for more detailed measurement of seedlings. More reliable and more detailed results on regeneration would lead to better projection of development of forest resources, enabling also more active adaptation of future management activities.
